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ABSTRACT 

Hn<?l<iut;s in transmembrane domain (l'M)-lll, TM-V, TM-VI, and 
TM A/ll bclioved to facing ihe deep part of the presumed 
main HrjnnfJ-bindiny pocket of the NK., receptor wcro probed by 
alnrtino substitution and Introduction of residues with larger 
anil/or chemically distinct sice chains. Unaltered or even im- 
proved binding affinity for four peptide agonists, substance P, 
siubylanco P-G-mcthyl e^tor, clodoisiu, and neurokinin A, as 
well as noimal EC L(i values for substance P in stimulating 
pho r .phatidylinosUol turnover indicated that those mutations 
did not after the overall functional integrity of the receptor. The 
oH'inino substitutions in general had only minor effects on non- 
pcplido antagonist binding. However, the introduction of the 
tonjor and polar aspartic acid and histidine residues at posi- 
tions corrcs ponding to the monoamine binding aspartic acid in 
TM-lll of the fV adrenoceptor (Prolll:08, Pro112 in the 
rnnoplor) and to the presumed monoamine interacting "two 
s.-iiinos" in TM-V CThrV;00, "Ihr201; and MeV:12, lie-204) impaired 
by >10Q- fold the binding of a group of nonpeptide antagonists, 
inc. Hiding CP06.345, CP09.994, RP57.580, RPR1 00,893, and 
CAM4092. in contrast, another group of nonpeptide antago- 



nists, LY303.870, FK688, and SR140.333, were little or not at all 
affected by the space-filling substitutions. Two of these com- 
pounds, FK888 and LY303,870 ( were those most seriously 
affected (75-89-fold) by alanine substitution of PhcVi:20 lo- 
cated In the upper part of the main ligand-blnding crevice. 
Surprisingly, substitution of Alalll:1 1 (Alat15), which is located 
in the middle of TM-lll, conceivably pointing toward TM-VN, 
with a larger valine residue Increased the affinity for all 13 
ligands tested, presumably by creating a closer Interhellcal 
packing, it is concluded that the introduction of larger side 
chains at positions at which molecular models indicate that this 
Is structurally allowed can be a powerful method of locating 
ligand-binding sites due to tho considerable difference be- 
tween positive and negative results. Such steric hindrance mu* 
tagencsis strongly Indicates that one population of nonpeptide 
antagonists bind in the deep pocket of the main ligand-binding 
crevice of the receptor, whereas another group Of nonpep- 
tide antagonists, especially SR1 40,333, was surprisingly resis- 
tant to mutational mapping in this pocket. 



In (i proleiivcouploil receptors with 7TM, a main lignnd- 
|iim]iixtf crevice is boliwd lo be; located between tho loops 
and the outer segments of 'M-III, TM-IV, TM-V, TM-VI, and 
TM-VIl (Schwartz and Unscnkildc, )99S). The adrenoceptors 
wtU'O nmong tho first 7TM receptors to be cloned and subse- 
qxcntly oli;-tcactrri/cr.l. in respect of litfti ad-binding sites. 
Through a muUidi^ciplinary effort using receptor mutagen- 
Cf5|.'i, niluiity cross-linlunjj. nnd biophysical approaches with 
fluoivKccnt probes, tfl-rontf evidence was gathered in favor of 
iW notion that monoamine agonists bind to a pocket located 
dpi;p in the transmembrane domain of the receptor structure 
ainruif,' TM-IU, TM-IV, TM-V, and TM-V[ (Stradcr et al. } 
]MM). For cjcaitiplo, in the jfl. adrenoceptor, norepinephrine 
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<!<mudl nnd \U<; ltir;1i:rhnolii|[y Uo..oarch UmL foe Moioculur lUTUiMiitmn. B.U. 
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is presumed to bind through its amine function to a con- 
served aspartic acid residue in TM-lll (AspIII:08) and to 
make an aromatic-aromatic interaction with a phenylalanine 
residue in TM-VI as the catechol ring of the Jigand is oriented 
by hydrogen bond formation between its hydroxy! groups and 
two serine residues located one helical turn apart in TM-V 
(Strader et al. t 1994) (Fie. 1). Only recently was the ste- 
reospecific recognition of the J3-OII yroup of the ngoniHt iso- 
proterenol fiJi own to occur through interaction with an aspar* 
agine residue located one helical turn more exterior in TM- 
VI, AsnVI:20 (Wielnnd et aL, 1996). Mutational mapping of 
binding Bites for other monoamines indicate* that they pre- 
sumably also bind to this deep pocket in the main ligand- 
binding crevice of their respective receptors through interac- 
tion with tho corresponding or neighboring residues as 
identified in the ^-adrenoceptor (Schwartz. 1994; Strader et 
aL, 1994; Strange, 1996; Strosberg, 1993). 



A 13 15 RE V IAT I O N s7 7 ( M , oovoiV transmornbranc 5egm(?nLs; BH, Dolton-Honter; PGR. polymerases chain reaction; TM, ir^nsmcmbrane domain; 
SrOMw, aubatanco P-O-molhyl ector, HtE FES, 4-(2-hydr oxy elhyl)-1 -piporaz ineetha nasulfonic aci d. 
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Kjtf, 1, Jlt'H<\'il whcL'l dMfjrom of" tho p.,-iirlrcni>ccpU>r pod hnlicnl wheel 
and m'i'[A'nlino riin/yr.un of I lie Urhykinin N'K, rcciepLor, TliO holical 
u})> k I Oi:i|>xain:i m'C lnnll (J vol' tho rhodopsio structure (Schcrtlor vl o/., 
IHMiO h.', iulcrproU-d by Baldwin < 1 0^3) with TM-III u'i Uvc central helix 
xwA In the cuonliT-clockwisr or k; nation 05 viewed from ouL-iide the cell, 
wUU-h recently wu:i jn-obed experimentally (Ellinff and Schwartz, 19%), 
IMin/ludix interaction >i;*s l>K*n optimized un the basis of metal ion .site 
cjXj' i iiK'LTiii(:(I''ll'»ff^ t^05; lUIIrttf and Schwartz., 1990). YWuic letters 
ttn 'bhvik* lThidm-ii nrcumuvl to be involved in agonist binding iri thft 
/■t, J ^idi'0(ii>rrpl,or; Mar* kilos on yray, residues previously shown to be 
involved in aubstancc V binding in the NK, receptor (Forttf C( a/., 1992; 
II, 'i. inn vf o/. t 3994; Kiitfo ^ ] ^>0V Irt tno nk: l ™cptor, residues 
prolvd by nbinino sulwlitutHvi ond sLcric hindrance iowia^:nosia in the 
cm-iMit kucly inc showi\ IrWi/fij fcfii;ra on black). Generic numbering 
ay: tem for ivriiducw in 7TM ivri-ptdj-a indicates helix nuinbor (rotnan type) 
noluwed by Ow residue number (italic tyV". separated by a vofon) hero and 
in |)io IcxL (tfiddwin, 1993). 

Anions 7TM receptors, o»o of the moat thoroughly studied 
peptide systems is the tachykinin Nf<j receptor. In contrast 
to monoamine receptors hut in analogy with other peptide 
rr^eptors, several presumed interaction points for the endog- 
cjmnft li|;nnd substance V have been mapped to the amino- 
tr-nninn! extension unci to extracellular loops, as well as to 
Un> mo:;t ex tori or helical turn of, for example, TM-III and 
TM-Vlf {Vik. 1) (Pontf et nl, 1992; Huang ef a/., 1994). Ex- 
I otJjiivo mutational analysis performed by several groups has, 
however, fin led to identify :»ri Liter nc Lion point for substance 
I* \\i the acliui! transmembrane domain of the NK X receptor 
corresponding to the si Li at which monoamines arc presumed 
to hind and activate th/ ir roceptor (Fong ra/., 1992, 19D3, 
IWMa, 100 thi Other rro7., 1093b, 1994a, 1994b; Huang cr 
al* 19SM; Strader et al. x Zoffmann et aL> 1993) [for a 

discussion of the effect of substitutions on the hydrophilic, 
presumed inner face of TM-TT, sec Huang el al (1994) and 
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Roscnkilde et al 0994)h However, this deep portion of the 
main lignnd-binding crevice is where mutations have indi- 
cated that nonpepticjo antagonists are binding. Importantly, 
the idenU fication of many of tho prosumcd interaction points 
for xionpcptidc antagonists haa in fact been based on rather 
small effects on binding affinity. For example, it is generally 
presumed by others (Pong ef al. , 1994a; Zoffmann et al. , 1 993) 
as well as by the current investigators that the prototype 
uunpeptidc antagonist CP96.345 is infceraclinc w ith HisVI:17 
(Hifi265); however, alanine substitution of T1isVI:17 in fact 
hardly affects tho binding ol'CP96,345. The presumed intor- 
aclion of OP96,345 wiih U"« residue is based on tho effect of 
mutations on analogs of CP96 ( 345, not tho compound iLself, 
which obviously is a much wenkor augmentation (Fong et al, 
1994a; Zoffmann et al, 1993). 

Mutational analysis of binding sites in 7TM receptors as 
well aft most other proteins has been performed through 
alanine scan mnta^nesifi (Schwartz, 199-1), This procedure, 
in which the side chain at a particular position basically is 
just "removed," is in general relatively safe in terms of not 
disturbing the overall structure of the protein. However, 
alanine substitutions may not be very effectives at locating 
contact residue in binding sites. Based on the X-ray utruc- 
ture of human growth hormone in complex with its roceptor 
and from the exhaustive mutational analysis of both of these 
protein B performed by Clackson and Wells (1995), it Beems 
that a surprisingly small fraction of the actual contact resi- 
dues in the ligand/rcceptor complex are really important for 
the binding energy. Alanine substitution of most of the rest- 
dues in tho interface between the hormone and its receptor 
did in fact not impair significantly the binding affinity 
(Clackson and Wells, 1995). In the case of 7TM receptors, it 
could be argued that a peptide fluch as substance P may 
obtain most of its binding energy through interactions with 
residues in the exterior part of the receptor, but it could still 
activate the receptor through interactions with residues cor- 
responding to those to which monoamines bind. If bo, alanine 
substitutions in the transmembrane segments of tho NKj 
receptor would have C' v ^ n false-negative results. 

Tn the current Study, the deep part of the main ligand- 
binding crevico, as defined by the binding site for isoproter- 
enol in tho ^-adrenoceptor, is probed in tho NK^ receptor by 
both alanine substitution and steric-hindrancc mutagenesis 
(i.e., substitutions with larger side chains, which arc as- 
sumed to fill up the prusumod pocket). Tho introduction of 
larger side chains was performed at positions at which our 
molecular models of the receptor indicated that such substi- 
tutions would be "allowed" (i.e., where they would not be 
expected to harm helix/helix interactions). Those molecular 
models have been optimized by, for example, the construction 
of a scries of intcrhclical metal ion sites (Elling et al, 1995; 
Elling > ltid Schwartz, ,199fi). Four structurally related peptide 
agonists and nine nonpeptide antagonists, most of which arc 
structurally distinct, were tested in these NK X constructs. 

Experimental Procedures 

Materials. All peptides were pitrchawrt from Peniniiida (St. 
Helens, Mcrucysidc, UK). Nonpeptide compound* for which the 
structures arc shown in Fir;. 2 wore kindly donated. CP96 f 345 and 
CP99,994 wove provided by Dr. John A. Lowe III (Pfacr, Croton, CT) 
(Snider el ol t 1901; Rosen et a/,, 1993). CGP-19,823 was provided by 
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Fig. 2, Structures of peptide; uj.furtiMs 
and nonpopUde anLirjonisla for Oil; 
NI<! roccplor used in the current study. 
J?o?i, touv amino acid residues common 
to .ill four tachykinin peptidea. 'i'Wo load 
wmpuvnffa tor the nan peptide nnLn zo- 
nula 0*96,345 (Snider t>t al. t 1991.), 
CP99.&94 (llosun ei al } 1990), RPG7,5B0 
(Carrel cl a(., 1£)01), RPR1 00,898 
(TabeK and Peyrond, 1994), I-Y303,S70 
CGitUT 'ft of., 1095), and SRI 40,393 
(Ernonda-AH vt aL, 1 fW3b) wore found by 
screening of chunilcal fdes, whoroas iho 
initial load compounds tor CG1M9,823 
(Schilling i« ni, 1993), CAM4092 (Hoyto 
cf oi., 1994), and FK8SS (Fujii W fi/., 
1992) were pop1 ide-hanod compounds. 



lh WAlov Shilling (Cibn/Nov.U'ti*. Basel. Switzerland) (Schilling Ct 
at . 1003). K.r<i7,r>H0 r.nd RPK 100,8911 were provided by Dr.'Cliuidc 
CjiircL tUhonc Vonlcnc, Pirns, France) (Garret cf ft/,, 1091; Tubcrt 
unci IV>[oa<0, 1094). CAM4092 wa» provided by David Howell 
C^iu'ki' Ctamlmd s <: f UK) (Hoylc eiol., 1994>. f,V30;J,870 was 

pnwided by 1 V, I'hilin IXlji^hmrl-s (KK Tally, Indianapolis, IN) (Gittcr 
c/ f f /, ( 1V0M. RR140.333 whip piuvided by f)rs. Xiiviex Edmons-Alt and 
JtKjn Clanrln Ilrolitfre (^noA Recherche, Montpclier, France) 
(hJu.nnclK.Alt W ft/., FK888 was provided by Prs. T. Fujii and 

1) lfnj;iw:ira (Fujisnwo, 0.s:ika, Japan) (Fujii cf a/., 1992). Pfu poly- 
ut^i'iioc w;m from Si raUifiimo lT,:\ Jolki, CA). AG 1-X8 aruon-exrhanpc 
iv/ju wa^ from DioRtfd laboratories (Hercules, CA). myy^HllnoHi- 
to 1 ) <lTu 371), lill (rtpecific activity, 2000 Ci/mmol), and 



Thermo So qu en a so fluorescent labeled primer cycle sequencing kit 
with 7-dcaza-dGT H wore from Aflicrsham (Littlo Chnlfont, UK). 

Concfiruction of mutant receptors. The cDNA encoding the 
wild-typo human NKj receptor was cloned into the unitary otic ex- 
pression vector pTEJ-8 (Johansun vt aL, 1990). MuUiLiona were con- 
structed by TCR usinjr either (1) the overlap extension method (ITor- 
ton of n/., 1969) or 12) a combined extension of mutated internal 
primers by T4 UNA polymerase followed by selective amplification of 
the mutated DNA strand by PCR (Support et of., 1992). The PGR 
products wcro digested with appropriate rcflf.ric.Lion cndonuclc»BOH, 
pvirifiod, and cloned into tho pTEJS-NKi. All PCR experiments wore 
pcrtonnod using pfu polymerase according to the instruction of thn 
manufacturer. All mutations were verified by restriction cndonucln- 
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n<ic to ripping nnd subsL^uPiU ON A sequence analysis using the 
Thoimo p.(-(|iicnjisc fluorescent bbclcd primer cycle scquoncin;; kit 
with 7-d<;;r,<.a dCJTP on an Aifrxpross ON A sequencer according to 
the w;j mi fVU) rev's hiRti-ucLiuna (Pharmacia Iliotcch, Uppsala, Swn- 

Tronic ct'iona and tis.*oc culture. CO 3-7 colls wore pi-own in 
J)uUi« i oi-o'y Modified Katie's Milium supplemented with 10% 
fi.tU c:df i-iiruin, 2 niM rdutannTu:, uiid 0.01 mp/ml pcntiuniciii. The 
cxprc.ixlon pVmniilii umLiinins the cDNAs encoding the wild-type or 
rmd:mt jneplora wore trnnnicnLly expressed after trans fectiou ac- 
i-i»nfiOj; to iho culduiii pho-i-spruite precipitation method (Other ef al> 

Hindi tig experiments MrvwiodinALC-d '"^/-Ull-l.ihclcd Sub- 
;,l,; U ii'e p was prepared ;md purified by hiyli performance liquid 
chicin:ito;;i';iphy (fl oilier ct «/., 1993a). Transacted COS-7 cells were 
trunstV-rri'd to culture pl.'itf;-; 1 d;iy after trnnsfoction. The number 1 of 
co'lU prr well was determined by the apparent expression efficiency 
of tho. individual cluiios wiih an aim uf 5-10% binding of this added 
radioligand, Two day:; alter i ransfacLton, cclla were assayed by com- 
pel ion binding for ."i hr at, 4" uaing 25 pM ,M I-nH-l:iboled instance 
p ph)H viwyiun n mounts of unlabeled lig:md in 0,5 ml of 60 mw 
TriiHlCl buffer, pit 7.4, supplemented with 150 mM NaCl, 5 mM 
Mi^'l-, 0 1W* (w/v) bovine so rum albumin, and 40 /if/ml buciLraein, 
Nonspecific hi odinfrwnii deU:f inincd as the binding in the presence of 
1. /iM faibntanct: l\ Oetertvd notions wore made in triplicate. 

Vhnsph:*tidylinOMilul ns.Noy, One day after transaction COS-7 
cidbi (0.3 X '10'' colWwcll) were incubated for SM hr with 5 ^.Oi of 
m>> [ ;; 1 HiuoMitoI in f rid of ino.silol-freo Dulbccco'n 1£85 medium 
6»ijHdrm(?ntod with 10% felM calf fierum, 2 mM glut, am inn, and 0.01 
i'nj.;/od fM'nhimicin per weU, Ceilu wcio washed twice in PT buffer 
ron.-if,lin({ oJ" '20 mM IIHLPKS, pi I 7A t supplemented with 110 mM 
NaCl, 5 him KCI, 1 mM MrSO*. 1 aim Cody, 10 mM glucoijo, and 
0,0j% (w/v) bovine soruro nlbumin &nd were incuhotrd in 0.5 ml of PI 
bufi'rr siipplomnnfccfl with JO mM LiCl at 37° fur 30 min. After 
sl-l (nidation vviLh ioci'Oa.Hinr concentration of substance T for 45 min 
ul. '}7 a t eell.o wore oxfrncled with 10% icc-cnld perchloric acid followed 
by in cub; i Li on on ice for 30 min. The resulting pupornatanl was 
ni:i>i.rrtli/od with KOil in HKl'KS buffer, and the generated PIN- 
nrii.iiol pbuiipliiitcc wen* purified on BLoKad AO 1 -X si anion-ex change 
rr:.v"ui nVrridj^: ctaL , \ J)33). IVtorroinaliuns were mado in triplicate. 

Oli- illations* IC I|0 urul EC [10 values were deLcnilined by nonlin- 
ear iviprttfiiio", and A r ( und H U)A>1 VLtluoa wero cumulated usivif; the: 
lnplot 4.0 ioflwat'e (OraphPAD Software, San Dicyo, CA). 

Results 

In the NKj rocoptnv, residues located in the presumed doop 
pnrl of the main ligand -binding crevice at positions corrc- 
spiniding Lo Uu; iattractLon points for agonists in tho p 2 m 
ndiM^i0(*<^>t;or were substituted with alunine or with amino 
neid ryMducs prose nti up; larger, polar sido chains. 

Subslituiimih of VrolIIiOS (ProLli?). The important, 
eopwrvod ftKparlic iK'id in TM-IIE of monoamine receptors, 
winch most (tonvincinfily hns bec>n implicated in binding of 
\.})f iiinino AmcLinn throngh complein<»ii La ry chemical modi- 
fu-iW.innjR performed on 1,Ih» Ji^and and recepUir (SLradcr et al. t 
^\y^^) > is a proline residue in tho NK A receptor, lVoTIf:DH 
{Vro\ 12V This residue w/n-; substituted by alanine, aspartic 
tit ul, and histidiiu. 1 , of which Lh<; InlLor two would be expected 
to occupy considerably more annco tlian the pyrrolidine rin^ 
oflho proline. Furl.Vu;rninro, these two reHiduGs would change 
tin i local environ in mit considerably by introducing polarity 
and pitfsiMy clTnr;;c in front of TM-III in Ibid part of the main 
ilfyu-Kl-hmdinp; pocket t^ij. 1). Bccausc ProTTl:08 (Proll2) 
dni'H not correspond to one of the hifcfbly conser\ T ed proline 
ivr.idiie* of the tr;.in«tno;ubranc helices in 7TM receptors, it 
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waa not expected that substitution with a "normal" amino 
acid residue in general would perturb the receptor structure 
by altering the backbone configuration nt this site. This as- 
sumption wa^ confirmed by the normal agonist binding and 
signal transduction observed in those constructs (see below). 
Alanine substitution of ProIILOS (Prol 12) did not impair 
the binding of substance P or any of the other peptide ago- 
nists, as determined in competition binding- experiments us- 
ing radiolabeled substance P in whole-cell binding experi- 
ments performed in transiently transfectcd cells 
(Table 1). Jn fact, the binding of one of tho peptide agonists, 
SPOMe, was improved 20-fold (Fmut - 0.04). Of the nine 
nonpeptide antagonists studied, only the binding of 
CP99.994 was dearly impaired by the proline for alanine 
substitution, and the impairment was only 13-lbld (Table ,1V 
In contrast, introduction of an aspartic acid residue at this 
position decreased the binding affinity of seven of the nine 
nonpeptide antagonist by >l0*fold, and five of the com- 
pounds were decreased by > 100-fold (Fitf. 3, Table 1). Sub- 
stitution with a histidine residue had a similar, detrimental 
effect on the binding of the non peptide compounds, as ob- 
served with the aspartic acid residue at this position leading 
to a l80-4GO0-fo)d reduction in affinity for five of tho com- 
pounds (Fit;. 3, Table 1). Although the binding of most of the 
antagonists was affected seriously, a single nonpeptide an- 
tagonist, LY303.870, was not affected, and two other antag- 
onists, SR140.333 and FK888, were only slightly affected by 
aspartic acid and histidine substitutions of ProTII;08 (Fig. 3, 
Table 1). 

Substitution of ThrV;0i) (Thr201) and IlcV!l2 
(Ile204). In TM-V of the ^^-adrenoceptor acrino residues 
located at two positions one helical turn apart, SerV;09 
(Ser204) and SerV:12 (Ser207) are believed to be involved in 
the formation of hydrogen bonds to the hydruxyl groups of tlic 
catechol ring (Strader et a/., 1994). In the NK X receptor, these 
positions yre occupied by a threoninn residue, ThrV:09 
(Thr201), and an isoleucine residue, IlcV:12 (Ile204), respec- 
tively (Fig. 1). TlirV:09 was mutated to alanine, isoleucine, or 
histidine, whereas lleV;) 2 was probed by only histidine sub- 
stitution and only in combination with a similar exchange at 
position V;09. Similar results v/erc obtained by either "re- 
moving'' the polar side chain of ThrV:09 ( as in tho alanine 
substitution, or by introducing the slightly larger and apolar 
side chain of isoleucine at this position (Table 2). Among nil 
the ligands tested, the binding of only two nonpeptide antag- 
onists, CAM4092 and 1,Y30 3,870, was impaired by these two 
mutations (Table 2). Tn fact, the binding of three of the 
peptide agoni.sts was improved 2-4 -fold (Table 2). In con- 
trast, introduction of a histidine residua at position V;09 
relatively selectively reduced the binding aJJinity of the two 
structurally related nonpeptide antagonists, CP9G,345 and 
CP99,994 (Table 2). Tnt^rustingly, residue V:09 is located in 
an i + 4 position [i.e., one helical turnl below nifiV:05 
(UisH)7), which previously has been demonstrated to be a 
crucial contact point for (^96,345 (Pong or a/., 1993; Gether 
et al y 1993b, 1994b). 

The combined introduction of histidino residues at both 
position V:09 and V:12 impaired the binding of eight of the 
nine nonpeptide antagonists; only the FKR88 compound was 
unaffected (Table 2). The o>nuclidinc prototype antagonist 
CP9G,345 wart most seriously affected (with an 850-fold re- 
el Lietion in affinity) in this double mutation in which both 
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substituLionti arc located below HisV:0S (HialD7). Iivipor- 
tftatly, the binding of neither substance V nor of any of Uie 
other peptide agonists was impaired by this space-lHling, 
do\ib)o jnutation in the deop part of the main ligmul-binding 
pocket of the NK, rocoptor; hi fact, the affinity for three of the 
tachykinin peptides was improved 3^1-fold (Table 2). 

Substitutions of PhoVI:20 (Phe268). In TM-VI, two res- 
iclucs have been implicated in agonist binding in the fL- 
adrcnoceptor; PhoVI:17 and AanVJ;20. The major interaction 
site for tho catechol ring itself, PhoVI:17 (Phe290) is in the 
NKj receptor already occupied by a residue with a relatively 
large side chain [i.e., the histidine residue HisVT:l7 (His2G5)] 
(Fig. 1). M'hif* position has been probed oxtensively with mul- 
tiple different substitutions, including phenyl uln nine, and in 
no case was any effect on substance P binding observed, 
wherens the binding of nonptptidc antagonists of several 
classes was impaired by these mutations (Ponf^ at al, 1994a; 
Zoffmann el ai, 1993). Therefore, we did not further addresa 

iiisvpn. 

The p-OH group of the agonist isoproterenol interacts with 
AsnVI:20 (Asn293) in the ^-adrenoceptor (Wicland et al, 
1996). Vf:20 is an interesting 1 position because it is located in 
the outer segment of TM-VI pointing more-Or-103« directly 
into the main ligand-binding pocket toward TM-III and it is 
the most superficial or exteriorly located of the presumed 
interaction points for monoamine ligands (Fig, 1). The rela- 
tive position of residue VI:20 in the 7TM rucoptor structure in 
rather w T ell established as baaed on metal ion binding sites 
constructed between residue VI: 24 located one helical turn 
above VI;20 and two positions in TM-V, V:01 and V;05 (EIHng 
et ol } J 995). Alanine sub 6 libit ion of the corresponding 
PhoVI:20 in the NK, receptor impaired the binding of all of 
the nonpeptide antagonists between 5- and fi9-fold (Table 3). 
Interestingly, in this case, the binding of the PK888 and 
LY303,870 antagonists, which were resistant to h institu- 
tion a located more deeply in the pocket, was affected most 
seriously, 75- and 89-fold, respectively. However, SRM0,333 
was relatively unaffected even by this substitution (Table; a), 
Substance P binding was impaired U-fold, but the three 
other tachykinin peptides wars basically unaffectod by the 
PlicVI:20-to-nJaAine substitution (Table 3). Substitution with 
either tryptophan or histidine et this position had littlo or no 
effect on the binding affinity of any of tho many different 
ligands except for a few scattered hits of low magnitude 
(Table 3). In fact, all the peptide ligands bound better to the 
tryplopban-substituted receptor mutant than to the wild- 
type receptor (Table 3). Thus, although il cannot be deter- 
mined whether the impairing effect of tho alanine substitu- 
tion is directly or indirect.] y mediated, the "removal of the 
side chain" in this case had a much more pronounced effect 
than substitution with tho more polar and, for tryptophan, 
much larger si do chain, 

Stcric hindrance inuta gene via of alanine residue In 
the transmembrane segments. The occurrence of an ala- 
nine residue on tho inner face of a transmembrane helix will 
conceivably create a hole in the protein structure due to the 
small size of the side chain. This hole can then be occupied by 
a side chain from another, intonligitating helix, or it can 
function m part of the binding site for a receptor ligand. Two 
such alanine residues were probed by stcric hindrance mu- 
tagenesis through substitution with valine (i.o., introduction 
of two extra methyl group**). 
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Kifr 3. Competition binding 
Curve* ftc four noupcplidu com- 
pqunda in the wild -typo (VV/0 NK 4 
receptor and in two mutant forms 
with t^listitatipn of PrulT£;08 
(Pro 112) Ui at cnrroAponds to the 
main monoamine interaction point 
in TM-1IT, Aftpill:08 (AapllO), 
01^9,9994 and RPR 1 00,893 repre- 
sent ihu grunp of compounds that 
fire seriously aflcclcd by tins {.loric 
himlmncc mutations, and FK868 
find LY303,870 rcrw^fiftnt com- 
jjouorl.^ that arc Icsa or not ril nil 
nflecLed (soo labJcs). Binding exper- 
iments wcru pur (united Ofl wholo- 
coll landing on transiently tnM-S- 
fuctod COS-7 cells wmr rjB l-DII- 
Inbolod aubsLnncc Pun riuliolijfmd. 



TA1H.K2 

[iiuilin^ jifimaicH of politic niionisls and no n peptide antagonists in the wild-type human NK l receptor and in mutant furma with substitutions hi 
TM'V 

lii-ii J-.I-U"- wcro I'xnn-Afd lr<uv*icoi1y in f.OiW culls, <md comprtilinn bindinf uiLporhucntfl were performed ai ilowribcd in the text u.-.inf 1?r 'MiH-labelcd auMfinn) P. // mox 
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Al:UU;ll (AlallS) is located ono helical turn below 
l'/^IN;08 (]Voll2) in TM-H1, presumably racing toward 
TM-I1 and TM-VIf (V\% 1). The introduction of a valine 
tvskUic at this position diJ not impair the binding of any of 
tbi! li^;;»nds; on the t;onl rnry, tlic aJlinity of all 13 ligands was 
incvci.ir.od ;in averse or 5-i'old (Tabic 1). Thurt, the spacc- 
fdlin^ x ubfit.it uti on in ibis particular ca*e e^cmcd to be ben- 
oOnal for I bo binding of both HtfonLsts and nnlnconust.s. The 
cm n [KM i ad that was inf^t affected wo ft Sf'OMc, with an in- 
ci'i-.i.sii in .affinity of' Wold (Table 1). 

AlaVII:09 (Aln294) in located n couple of helical Uirnfl deep 
in TM-VII and is presumably facing toward TM-VI and TM- 
Vll O'Ur, 1). Voline sabstitiition of AlaVII:09 impaired the 
binding of only oi\c of tbc Jinnpcptidc antw^nist, RP67.580 
(2ii fold). This cornpound also i* affected by other HubsLitu- 



tions in the interface among TM-III, TM-VI, and TM-VII 
(Huang et al. t 190-1; Schwartz TW, unpublished observations) 
All other brands displayed either unaltered or slightly re- 
duced affinity in the ValVII:09 mutant form of the NK T 
receptor (Tabic 1), 

Signal transduction experiments. The results pre- 
sented show that neither alanine substitutions nor fitaric 
hindrance mutation;? in the deep part of the main ligand - 
binding pocket affected the afJinity of peptide agonists on the 
NKj receptor as deter mined in ligand -binding experiments. 
Ncvcrlboh'fifi, theoretically tho peptides could obtain most of 
their binding «nergy through interactions with reflidufls lo- 
cated in tho more exterior parts of the receptor but still 
perform the actual activation of the receptor through inter- 
action with residues locatod deep in the transmembrane do- 
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fiK\in. However, lis shown in Vig. 4 and in Table 4, sub^tnneo 
P was able 1,0 stimulate, phosphatidylinositol turnover in all 
thv:H' mutant receptors with a similar T0C-; O value as observed 
jr. the wildly pe NK, receptor. In the mutant receptors, the 
E ni ^ value for the substance P-induced phosphntidylinositol 
turnover war, also similar nod the sarac as that of the wild- 
tV(Kt receptor, except for the construct willi the double his ti- 
ding substitution iu TM-V and the it I; mine and histidine 
substitution of PheVI:20, which demonstrated a 3-5-fold ro- 
duciitHi in maximal roSpcinse to substance P (Table 4). 

Discussion 

One of tlut major problems u\ mutational mapping of bind- 
in;*' Hitcs is the difficulty in ruling out false-n^gativo results 
(Schwartz, cl (>/.. 1U95). This is demonstrated, for example, io 
the c:iki:< of growth hornvmi! and its receptor, for which the 
mcI i.i a 1 binding Mite now hi known dvio to X-ray analysis of the 
l-ecfiptur/Jifi'und complex (Cl:.»cK«on and Wclis, 1995). Ffldso- 
no^jitive results nve in n inly n problem when alanine suhsti- 
Udhm.'T nre used hocausc this procedure basically creates only 
an extra ' l hoio' > in the presumed binding pocket through 




Loq cone, substance P 
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;\;td in nUil.ml formd of L)ii;i with suU-.tiULion of IYollI:08 (Proll2) to 



TABLE 4 

Ability of aubsvincc P t<) sLimulalc phohphaliOylinORitol turnovor in tho 
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removal of the side chain. The effect of an alanine substitu- 
tion is highly dependent on the relative contribution to the 
binding energy of tho replaced resid ue. A residue may be part 
of the ligand/rcccptor interfiled without in fact contributing 
much to the total binding energy (ClacJtf>on and Wells, 1995). 
However, the introduction of u lurgcr side chain in a pre- 
sumed binding pocket conceivably would cause many more 
problems for the ligand by impairing the interaction not only 
with the mutated residue but presumably also with neigh- 
boring residues due to the incongruence that would be cre- 
ated in a larger port of the interface. In tho current study, 
thin ia reflected in the observed 100-1000-fold decrease in 
affinity for a number of nonpeptide antngoni*t# as the result 
of the introduction of larger and polar residues, such as 
aspartic add and histidine, in the deep part of the main 
ligand-binding crevice between TM-III and TM-V iu tho NKj 
receptor (Tables 1 and 2). It is on tho bases of these signifi- 
cant, positive "hilfl" that the lack of effect of such substitu- 
tions on the binding of substance P and related tachykinin 
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pci'n'.ttlo agonists as well as a £ roup of nonpep tide antagonists 
in yifwfid as st-ron i; evidence in favor of the notion that the 
pop^oYs ami certain nonpeplide.s do not use this deep pocket 
:ia of their binainj.; at to in the NK, receptor. 

Koiplii^itiotis for nonpeptide antagonist binding Tho 
hteiU: hindrance mutants in the deep pocket anions TM-UI, 
TM A', rmd TM-VI result in a very substantial loss of affinity 
for :i nun ibe r o f th e no n j >o p t id c an t a tfoni a U a c t i n £ o n the N K 2 
receptor (Tables I and 2). These results combined with the 
re:uilLs of a number of previous studies performed with some 
of iV-se compound* fui^c^t strongly that the binding 
for compound* Mich as CL'06,345, CP9£),9<M f ttP67,rj80, 
.KI 1 ^ 1 00, Hi) I], and CAM 1092 ore in fact located in this pocket 
(Schwartz, 100-1; ftehwart:: tH al> 1005; S trader ct al., 1994). 
F«r compounds such as CC;tM9,82M and LY303.870, the re- 
sulu point in the same direction, but tho effects of the steric 
hirul ranee mutations were not as consistent. FK888 whs re- 
sinC-mL to nil kinds of m uUriional mapping performed in the 
deep /mi-liel,, bat together with LY303,870, it was the ligand 
Unit was mehit aenously affected by tho alanine subbti lotion 
at position Vf:20 located at the exterior border of the pocket, 
hu'lkaUoK that those compounds may be binding mainly in 
the more shallow part of the main ligund -binding crevice 
I">). It .should be noted that false-positive results are still 
difficult to rule out. Thus, it is impossible to differentiate 
between the effect of substituting an actual contact residue 
hot ween the receptor and a ligand and the effect of substi- 
Uiliotf « w'oonrl tow residue (Schwartz ct a I, , 1995). However, 
the fuel that the peptide agonist's could bind normally and 
activate signal transduction in theae constructs indicates 
ih[\i the overall struclmo of the receptor was not perturbed. 

One rumpoptide artlatfviiaL, SR140.333, was either unaf- 
feeied or only slightly a Netted by all the mutations of the 
C t it re a t s t u d y . O n the b as i s o f th c d ra m a ti c ef fe c t o f the steric 
hindrance substitution.* in tho deep pocket on several other 
compounds, it seems likely that SU 140,^33 docs not interact 
wish thin part of the receptor. Because SRH0.333 is in fact 
not ;-eri(ni.sly affected by any other point mutation yet per- 
fenned in the NK-, receptor (Schwartz TW, unpublished ob- 
servations), it could be speculated that either it bind s to a 
p;u t of the receptor tho I has not yet been probed by mutagen- 
Chirf (which i.s hardly possible if it is on the outside of the 
re/tvptor) or iU binding energy & result of multiple rela- 
te, el y weak interaction pomta (it is a relatively large com- 
pound) (l'-'itf. 1). A thi>d, interesting hypothesis is that 
ttlibKV-433 i:s able to exploit several receptor conformations 
wit h almost equal affinity. In that ense, the compound would 
e, ; ;i.;jpe mutational moppi n# if the side chain that is mutated 
was not of major imporlpnce in both receptor conformations. 
This would jneou that several point mutations must bo com- 
bined to seriously affect (he binding of such compounds. 
JnhTestij'Ltfly, small chemical modifications of SR140\333 cre- 
ed e compound* Hi at ore hitjh affinity, selective Nf< 2 or NK H 
Kj.'.m\d.H (Kmondt;-Alt e/ aL, 1903a). For the homologous non- 
pVpl.ide anti^'uinst SR4ii,0(;S, it has been reported that the 
combination of a couple of point substitutions is required to 
a I feet the binding of this compound, which is very similar 
si nuil orally to the Nlv. receptor (Huang et al, 1095). 

Implications for peptide agonist binding. As shown in 
the current study, it possible to fill out the deep pocket of 
the main ligand -binding crevice of the Nr^ receptor without 
ui Verting the binding or function of substance V or the bind- 
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Fig. 5. OuU-ide-in vicwa of Lhc inuin li^nd-binding crevice of the 
adrenoceptor and sulxitnnco I s NK, rcceplOr with presumed cenUet res- 
idues for ftffonials {black kttvn on white). In tho NK l roccpLor, thcac 
rcididuc:i havo boon identified Ihruetfh rc^rptor mulugcncsi^ in the amino- 
torminal BCymcrtt <Asn23, CAn'Zt, and rhft2. r 0 (Fonp; ct ni. t 1993) io the 
most extarinr pnrta of TM-TU (HIflliI:04 T Ili^lOS) (Fonfi et a/., 1992) i\nd 
TM-VII (TyrVI:02, 'Vyr'ZM) (IJnonf; c/ al., 1994) und hy nninily croaa- 
linkinff in exterior hvip 2 CMotlSl) usio^ pholoroactivi;, riuliololiclfid 
aubstnncc P tKa^o et al., J 996), Steric hindrance »miLap;t>noai:i in the 
current tludy indicates that many nonpeptido anlnijOiiists bind in Lho 
denp pocket coney pond inp to Lhe presumed binding aito fur monoamines 
in tlvcir rncnptoi-a but that this 15 not the case for the pnpUde agoniaU und, 
importantly, that flfivcriil non peptide* antagoni«Ui, &orh eifl i?'Kfia8, 
Ly^03,S70 ( and SR 1*1 0,333, also do not mnp to this pocket. PbcVI:20 
CPlu*2fiB), which corrcapund* T-o the presumed interaction point fur tho 
^-OII ;*roup of isoproterenol in the ^-adrenoceptor, AsnVI:20 (Asn290X 
has been im planted aa a pots bible wo (act point for both yn bianco P and 
a number of nooi^'ptirfo anl a gonitis in tho current study (Sou Tablo 3). 

ing and function of three other hi^h affinity peptide agonists 
of this receptor. Of the five main presumed interaction points 
for agonists in the /^-adrenoceptor, only ono, position VI:20 
(which is the most exteriorly located site) scomfl to be shared 
by substance P in the NK, receptor. Previously, site-directed 
mutagen CP is and afltnity cross -Uniting have been used to 
identify presumed contact points for substance P in tho ami- 
no-tm-minal exterior segment of the receptor, in extracellular 
loop 2 close to the disulfide bridgo connecting tho top of 
TM-III, and at tho most oxterior parts of TM-ITI and TM-VIT 
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H.e., in tho more Shallow" part oftho main ligund-binding 
crcvico) (Pong cf ai t Hniuitf a/., 1994; Kftgo si a?., 

100r>; hi ct ul, 1995) CKi^. 1 and 5), The substitution of a 
number of residues down rdong (be inner, hydropbdic face of 
TM U in the KK l receptor dwa impair the ability of sub- 
ulrnuc P to compote with n "Unlabeled antagonists scriou.sly 
(Huang vt nl, 1994). However, the affinity of the peptide 0* 
niO'^mod in homolotfoua binding nsaayfi and bioa^oyfl is 
hardly affected (Ummg rt rtl. , 1994; ttosenkildc eta/., 1994). 
Tim-, it is unlikely that these dimply located residues arc 
part oftho high affinity binding h'U> for substance P (Rosen- 
kildi* H aL, 1994). 

Tfu; current results argue against tho presence of a "com- 
mon bn'V for all agon is. t "keys" in 7TM receptors located in 
tho <Wp pockoL among TftHII, TM-V, and TM-V1 because 
thb i* where monoamines but apparently not substance P 
b\\\iU (Schwartz, mid RascnkiUUt, 1996). Another important 
pifiro of evidence- against th<j existence of such a common 
trigger iirrrt in thia do rip pocket is the observation that 7TM 
receptors, including monoamine roe up tors, can be activated 
by imUbodic-fl reacting with extracellular loops or even raised 
ag;tin/U synthetic peptides corresponding to the ext racellular 
loop* (Rrhwartz and Rosenkiide, 1996). Importantly, the cur- 
rently preferred modola for rciceptor activation arc all varia- 
tions over a two -state niodel, in which tha crucial element is 
the a!)ility of the receptor lo induce intracellular signaling by 
itsr-lf (Konakin, 1995; )>h' ( 1995; Ufkowitz ct aL, 1993; 
Schwartz, tit ai t 1995). In a system in which the decisive 
chuafJ.e from inactive Lo activo conformation can occur auto- 
nutUcrdly (i.e., independr nt of agonist binding), there in no 
ikhA for an induced intramolecular signaling event to be 
pivdpitnted by ligtmd interaction with a particular active 
sitV, or "common lock 1 ' (Schwartz, and Eoscnkilde, 1996). 

J'oeonlly, it was demonstrated by electron paramagnetic 
i, poet to:; copy performed on rhodopsin after introduction of a 
wdoH of pidra of spin labels that receptor activation is asso- 
ci'ilod with a major conformational change. This waa intcr- 
nn-ted an being a relative movement and rotation of TM-VI 
away from TM-1II (Fanvns et a/., 199G). Blockade ofrhodop- 
siu function through engineering of disulfide bridges or in- 
ter] udical metal ion ftites between TM-III and TM-VI is in 
itfjn'Oinont with tin's notion (Farrens ct aL, 1996; Sheikh et 
at. } 199G). Ink' res Lin gly, Un> only apparent overlap in pre- 
sumed agonist; binding silos in the jS 4 -adronoccptor and NK A 
rwptor, ponition VL20, i.4 located at Iho interface between 
TivMII and TM-VI (Fig. CO. Thus, it could be argued that in 
bnth cases, tho agonists act by binding between TM-TIl and 
TM-VI and through lids interaction can induce, or more 
Vik>ly .stabilize, tho correct active conformation of their re- 
• .sju'otivt.- ruceptor.4, Tim- monoo mines seem to achieve this by 
binding in the doop part oftho main liquid-binding crevice; 
l.ha larger aad more polar peptide ligand, substance P, 
arldoves this by binding in the more shallow part of thitf 
nvvicc (Vig*. 1 njid 5,). Tho:s although thfcre may not be on 
nknal common binding: *He or trigger c«"ca that agonists 
nv.u-t touch to aclivalo 7TM reot^ptora, a3 discufificd above, 
Ifi^iv could be a comiYum receptor conformation or set of 
conformation* that all u#mists must be able to stabilise or 
induce for tho G protnin.s to reco^ni'/e the receptor as being 
arlivft (Schwartz ct al.> 1995), Tho question of stabilization 
wryiis induction can pevhapu be considered more of a seman- 
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tic than an actual distinction depending on the decree of 
constitutive activity in the receptor system (Keaakin, 1996). 

Does PhcVI:20 (Phe2(>8) represent a common inter- 
action point for peptide agonists and nonpeptido an- 
tagonists?* It haa been surprisingly difficult lo locato com- 
mon interaction point* in the NK L receptor for substance P 
and competitive nonpeptide antagonists, although a rolo- 
tivcly lart r e number of interaction sites have been id en tilled 
for each ligand (Gether ct aL, 1993b; Schwartz, 1994; 
Schwartzes aL t 1 995; Strader ct aL, 1994). PhcVI:20 aeoms to 
be the first good candidate for such a reaiduo, although the 
cflect on peptide athnity i^ only 11 -fold and the binding of the 
homologous peptides was not affected (Table 3). 3t c wo not be 
excluded that the generally negative effect on ligand binding 
of substitution of the naturally occurring, Iartje phenylala- 
nine residue with the smaller alanine residue could be a 
result of an indirect effect. The facts that substitution of 
PheVI;20 with the equally largo or even larger side chains of 
tryptophan and hisUdinc had almost negligible effect* on tho 
binding of all 13 tested Hgauds and that most compounds 
were negatively affected by the alanine substitution at this 
position could be taken as support for the notion that the 
effect of the alanine substitution is indirect. However, it 
could equally well be argued that both tryptophan and his- 
tidine could substitute well for the natural phenylalanine 
residue in a direct recoptor/ligand interaction. In tho overall 
picture of presumed interaction points for substance P, 
PheVJ;20 fits rather well between the residues at the outor 
segments of TM-1H and TM-VJI and MetlSl located next to 
the disulfide bridge from the top of TM-Ilf, which by affinity 
cruNS-1 inking has been implicated as a major interaction site 
for substance P (Kajjc et al, 1996) (Figs. 1 and 5). Thus, it 
seems likely that PheVf :20 could form part of the "inner wall" 
or "floor" of the binding site for substance P in the outer 
portion of the main ligand-binding crevice of the NK, recep- 
tor. If the effect of alanine substitution of PhcVI:20 on the 
binding oftho nonpeptide antagonists is also considered to be 
a direct effect, then this residue is the first example of the 
otherwise surprisingly elusive common interaction point far 
substance P and nonpeptide antagonists. However, as previ- 
ously discussed, it is a matter of opinion whether such a 
single residue should be considered to represent a caso of 
overlap in binding site in a common rigid mold or instead 
forms part of different binding sites occurring in different 
receptor conformations (Schwartz at a/,, 1995). We favor the 
latter possibility, although thfi answer to this question will 
not be known until the actual three-dimensional structures 
of the various rcceptor/ligand complexes have been deter- 
mined. 
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PATENT APPLICATION 
DOCKET NO. 2225.1001-00 9 

Expedited Procedure under 37 C.F.R. 1.1 \d 
Kxamining Group 1 646 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



Applicants: Marcel Loclscher and Bernhard Moser 

Application No.: 09/607,156 Group: 1646 

Piled: June 29, 2000 Examiner: J . Murphy 

l or: J P-l 0/MIG RliCBPTOR DESIGNATED CXCR3, NUCLEIC ACIDS, AND 

ME T! IODS OF USE THEREFOR 



CERTIFICATE OF FACSIMILE TRANSMISSION 

I hereby certify dial this correspondence is being facsimile transmitted 
to the United States Patent and Trademark OlTysp: 

on i^acnM-^- 

f "of printed name of person signing ccniflcaic 




Assistant Commissioner for Patents 
Washington, J).C. 20231 



Transmitted herewith is Amend ment After Final Rejection U nder 37 C.1 7 .R. JJI6_ for filing in 
(he above-identified application. 

(' ] Small entity stains of this application under 37 C.F.R. 1.9 and 1 ,27 has been 
established by a Small Entity Statement previously submitted. 

[ ] A Small Entity Statement to establish small entity status under 37 C.F.R. 1 .9 and 
1.27 is enclosed. 
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I'lcase charge Deposit Account No. 08-0380 for the following fees: 

[ X ] Petition lor two month Extension of Time $ 400 

[ ] Amendment Tee $ 

[' ] Other Fees: 

$ 

$ 

TOTAL: $ 400 



A check is enclosed in payment of the following fees: 

[ ] Petition for [ ] month Extension of Time S 

[' ] Amendment Fee $ 

[ ] Olher Fees: 

$ 

$ 

TOTAL: $ 0 



| X ] A general authorization is hereby granted to charge Deposit Account No. 08-0380 

for any fees required under 37 C.F.R. 1.16 and 1.17 in order to maintain pendency of 
this application. 

Respectfully submitted, 

HAMILTON, BROOK, SMITH & REYNOLDS, RC, 




Robert H. Underwood 
Registration No.: 45,170 
Telephone (978) 341-0036 
Facsimile (978) 341-0136 



( 'oneord, Massachusetts 01742-9133 



Received from < > at 12/4101 5:12:53 PM [Eastern Standard Time] 



